The compound (H 3 O) 1.5 {[VO(H 2 O)]PO 4 } 3 ·2.5H 2 O is a new member of a series of vanadium phosphates containing vanadium in both plus four and five oxidation states. Charge ordering occurs in these mixed vanadium phosphate layered compounds forming striped phases with different periodicities. The VOPO 4 layers undulate as a consequence of differences in the O-O atom distances in the ordered V(V)O 6 and V(IV)O 6 octahedra.
INTRODUCTION
Many aspects of the chemistry of layered vanadium phosphates have been studied since Ladwig's early work on the synthesis and properties of VOPO 4 ·2H 2 O [1] . The structure of VOPO 4 ·2H 2 O was determined by Tietze using single crystal X-ray diffraction [2] . Layers are formed by connecting distorted VO 5 (H 2 O) octahedra with PO 4 tetrahedra. Adjacent VO 5 (H 2 O) octahedra are related by an inversion center within the layer so that the orientation of the vanadyl V=O groups alternates above and below the layer (see Figure 1 ). The interlayer space is occupied by an additional water molecule that is hydrogen bonded to the coordinated water molecule. Intercalation reactions of both neutral molecules and ions have been reported [3] [4] [5] [6] [7] . Mixed valence compounds are formed by insertion of cations into the interlayer space and reduction of V(V) to V(IV) [3, 5] . A large number of compounds based on VOPO 4 layers were subsequently synthesized in single crystal form by using mild hydrothermal conditions [8] [9] [10] [11] [12] . The crystal chemistry, including the interlayer cation and solvent molecule locations, are now well understood from the detailed structural studies. Here we note only that phases are known with a water molecule coordinated to the vanadium atom (distorted octahedral) [8, 12] and without (square pyramidal) [8] [9] [10] and that only a small number of mixed valence systems have been characterized by single crystal X-ray diffraction [13] [14] [15] [16] [17] . The known mixed valence systems are summarized in Table I . A small number of mixed valence compounds in which the layers are cross linked by an additional phosphate group are also included [18] .
Here we discuss the evidence for charge ordering in the mixed valence compounds and describe a new example with the composition (H 3 O) 1 
RESULTS
The mixed valent vanadium phosphates form an interesting series of systems with respect to the distribution of V(V) and V(IV) ions within the layers. All of the compounds in Table 1 have close to equal amounts of V(V) and V(IV) but have very different structures. In the alkali metal series, the structures of K 0.5 VOPO 4 ·1.5H 2 O and Rb 0.5 VOPO 4 ·1.5H 2 O are well determined and contain a single inequivalent vanadium atom. Some disagreement, however, exists in the literature concerning the structure of Na 0.5 VOPO 4 2H 2 O. Wang et al. solved the structure in space group P-1 with Z=4 [13] , whereas Yamase and Makino [14] solved the structure in P1 with Z=1. We have synthesized and redetermined the structure of this phase (1) and obtained an excellent refinement in P-1 with Z=1 with only one inequivalent vanadium atom. All of the reported structure solutions for Na 0.5 VOPO 4 ·2H 2 O are similar and it is possible that small composition variations are responsible for the differences. The bond valence sum values have been calculated for each structure and are given in Table I . The values indicate that the V(IV) and V(V) sites are disordered in 1. The structure of (1) is shown in Figure 1 . 
Figure 1. The structure of Na[VO(H 2 O)PO 4 ] 2H 2 O (1) Selected bond lengths (Å): V(1)-O(1) = 1.578(3), V(1)-O(6) = 1.957(3), V(1)-O(5) = 1.958(3), V(1)-O(4) = 1.961(3), V(1)-O(3) = 1.962(3), V(1)-O(2) = 2.357(4). Bond valence sum (BVS): V(1) = 4.45.
Single crystal X-ray diffraction studies revealed that the structure of (2) is also based on VOPO 4 ·H 2 O layers and contains vanadium in both V(V) and V(IV) oxidation states. The unit cell contents of the structure are shown in Figure 2 . The bond distances and angles are typical for hydrated oxovanadium phosphates. In contrast to the parent VOPO 4 ·2H 2 O and the mixed valence alkali metal phases, the structure contains three crystallographically distinct vanadium atoms, which bond valence sums indicate have different oxidation states. The atoms V1 and V2 are V(IV) and V(V) respectively and V3 is a disordered mixture of V(IV) and V(V). As a consequence of the vanadium charge ordering the layers are no longer flat but undulate periodically along the c axis. Similar behavior was observed previously in (NH 4 ) 0.5 VOPO 4 ·1.5H 2 O [16, 17] and is discussed below. Hydronium cations and water molecules occupy interlayer sites in a complex and disordered arrangement. 
Figure 2. Two projections of the unit of cell contents of (H 3 O) 1.5 {[VO(H 2 O)]PO 4 } 3 ·2.5H 2 O. Selected bond lengths (Å): V(1)-O(1) = 1.602(10), V(1)-O(4) =1.946(10), V(1)-O(6) =1.957(10), V(1)-O(11) =1.984(11), V(1)-O(12) =1.999(13), V(1)-Ow1 =2.273(12), V(2)-O(2) =1.546(11),V(2)-O(5) =1.873(10), V(2)-O(7) =1.884(10), V(2)-O(9) =1.930(11), V(2)-O(8) =1.935(11), V(2)-Ow2 =2.305(11),V(3)-O(3) =1.598(12),V(3)-O(10) =1.899(13), V(3)-O(14) =1.912(11), V(3)-O(13) =1.926(12), V(3)-O(15) =1.923(12), V(3)-Ow3 =2.315(13). Bond valence sums (BVS)
:
DISCUSSION
The structures of the compounds in Table 1 other than those of the alkali metal compounds contain ordered arrangements of all or some of the V(IV) and V(V) atoms. The ordering is apparent on inspection of the bond lengths or by calculation of bond valence sums [20] . The ordering is shown schematically in Figure 3 . In the horizontal direction in the figure, not only do the oxidation states alternate but the V(IV) and V(V) octahedra alternate up and down so that all the V(V) octahedra are on one side of the layer and the V(IV) octahedra are on the other. A consequence of the charge ordering is that the VOPO 4 . H 2 O layers must bend to accommodate the larger and smaller V(IV) and V(V) octahedra on opposite sides of the layer. The relative number of the ordered and disordered rows ('stripes') is also indicated in Table I .
The origin of the undulation can be seen in more detail by inspection of the edge-on view of the VOPO 4 layer in (NH 4 ) 0.5 VOPO 4 ·H 2 O (Figure 4) . The V1 and V2 octahedra are V(V) and V(IV) respectively, and the V3 octahedra are disordered. In the V1O 6 octahedron the O1-O1and O2-O2 distances are 2.851 and 2.858 Å and in the V2O 6 octahedron the O5-O5 and O3-O3 separations are 2.653 and 2.614 Å. Because V1, V2, and V3 share oxygen atoms from a common tetrahedron, the consequence of the difference in oxygen-oxygen distances is to force the V3O 6 octahedra to tilt. In the V3O 6 
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The origin of the charge localization is more difficult to describe. Most likely it arises from the distribution of the interlayer ammonium and/or hydronium cations in the interlayer space and the hydrogen bonds that they form with the oxygen atoms in the layers. A detailed discussion of this is beyond the scope of this paper. We note here only that very strong hydrogen bonds (O-O distances 2.7Å) are formed with the water molecules coordinated to the V(V) atoms and that analysis of the hydrogen bonding is difficult because of the disorder of the interlayer species.
